Introduction
As one of the key components of the proton exchange membrane fuel cells (PEMFCs), proton exchange membranes (PEMs) function as an electrolyte for protons migration and a barrier to the fuel. Currently, perfluorosulfonic acid ionomers such as Nafion are still the most commonly used PEMs. However, its conductivity is highly dependent on the presence of water to solvate sulfonic acid groups forming an interconnected ion channel [1] . Consequently, it can only be applied in the low temperature environment (below 100 o C). So the water management should be carefully controlled in low temperature PEMFCs to achieve high performance, resulting in the complexity of the PEMFC system. Moreover, high purity hydrogen (carbon monoxide free) has to be used as fuel to avoid the poison of the catalyst [2] . To overcome the drawbacks of low temperature PEMFCs, high temperature (120-200 o C) PEMFCs is proposed, which commonly employ phosphoric acid doped polybenzimidazoles (PBIs) as PEMs, because PBIs have good thermal stability as well as chemical resistance and phosphoric acid doped PBIs possess good proton conductivity at temperature higher than 100 o C [3] . However, phosphoric acid doped PBIs membranes also have technological limitations such as acid leaching and acid corrosion. Moreover, the proton conductivity is poor in low temperature, which may affect the start-up of the intermediate temperature PEMFCs [4] . In order to solve these problems, inorganic fillers such as hygroscopic oxides (SiO 2 , TiO 2 , ZrO 2 , Al 2 O 3 ), montmorilonite, heteropolyacids and zirconium phosphates (ZrP) are typically added into PBI matrix to increase the acid uptake and proton conductivity of PBI membranes [5] , due to their affinity to interact with the water and acid.
Sepiolite is a kind of porous fibrous clay known to be very hygroscopic and whose acicular morphology may help to make composite more mechanically resistant. Beauger et al. prepared Nafion/sepiolite composite membranes to improve mechanical properties and proton conductivity at high temperature and low relative humidity conditions [6] . Sepiolite, seldomly used as fillers in proton exchange membrane, is chosen to improve performance of ABPBI (another type of PBI membranes). In this study, sepiolite is firstly sulfonated by concentrated sulfuric acid to increase its compatibility with the PBI matrix and then in situ synthesis poly(2,5-benzimidazole)/sulfonated sepiolite composite membrane (ABPBI/S-Sep). ABPBI/S-Sep combines outstanding thermal and mechanical properties of ABPBI and excellent water absorbability of Sep, therefore achieve higher proton conductivities in low temperature, indicating that the ABPBI/S-Sep composite membrane could be a prospective candidate applying in PEMFC to extend its operating temperature ranges.
Experimental

Preparation of Sulfonated Sepiolite Particles
Sepiolite, a natural fibrous clay mineral, was kindly supplied by Xiangtan Yuanyuan Sepiolite New Material Co., Ltd and used as received. Isopropanol (17ml), hydrochloric acid (3ml) and Sep (1.0g) were mixed under magnetic stirring, and then 0.6g phenyltriethoxysilane (PTES) was added after ultrasonic homogenization. The mixture was heated at 65 o C for 15h, then filtered and washed successively with methanol and water after purification and desiccation to obtain PTES modified sepiolite. 50.0g of concentrated sulfuric acid was added to the obtained PTES modified sepiolite sample and heated and stirred for 24h, then purified and dried to obtain S-Sep.
Synthesis of ABPBI/S-Sep Composite Membrane
3.0g of monomer 3,4-diaminobenzoic acid (DABA), 6.0g of phosphorus pentoxide (P 2 O 5 ), 2% (mass ratio) S-Sep and 20.0ml of methanesulfonic acid (MSA) were added into a 100mL three-neck flask and ultrasonicated at atmosphere for 2h to obtain a milky white homogeneous solution. Subsequently, the mixture was heated under N 2 atmosphere with a magnetic stirrer up to 100 o C and kept for 30min, then continuously heated up to 150 o C and kept for 2h. The hot polymer solution was slowly poured into the deionized water to get very thin fibers. The obtained fibers were boiled in a beaker with 10% NaOH solution at 100 o C for 2h to remove phosphoric acid and the solvent, subsequently boiled in deionized water for 1h to remove NaOH. After that, the fibers were washed with deionized water for several times to remove residual NaOH. Finally, the fibers were dried in a vacuum oven at 110 o C for 24h to get ABPBI/S-Sep.
0.4g of ABPBI/S-Sep polymer was dissolved in 6ml of MSA, with magnetic stirring overnight at room temperature to obtain a homogeneous solution. Then the viscous solution was cast onto a flat bottom petri dish and solvent was removed step by step heating in a ventilated oven up to 200 o C to avoid pin holes caused by rapid evaporation of MSA. After that the petri dish was cooled down to room temperature and deionized water poured onto it to peel off the membrane. The membrane was then dried in a vacuum oven at 110 o C for 24h to obtain ABPBI/S-Sep composite membrane. The virgin ABPBI membrane was prepared by evaporating MSA solvent under conditions similar to those mentioned above but without the addition of sulfonated sepiolite.
Characterization
Sep and S-Sep were characterized by X-ray diffraction(XRD), contact angle test. The scanning electron microscope(SEM), water uptake, phosphoric acid doping level and proton conductivity measurement of ABPBI and ABPBI/S-Sep are referred to our previous work [7] . The XRD patterns of Sep and S-Sep are shown in Fig. 1 . The characteristic diffraction peak at about 2θ= 7.3° (110) appears in the two XRD spectra, corresponding to the internal channel reflections [8] . The main characteristic peak position and d-spacing in the spectrum did not change obviously before and after the sulfonation modification, indicating that its original crystal structure and morphology were maintained in the modified sample because the functionalization occurred mainly on the surface or by partial replacement of zeolitic water. Compared with pristine sepiolite, the diffraction intensity of sulfonated sepiolite decreased, which could be contributed to the formation between silanol group on the surface of sepiolite and ethoxy groups attached to the Si-O matrix, indicating that the surface of the sepiolite fiber was successfully modified. Figure 2 . Contact angle of Sep and S-Sep.
Results and Discussion
Characterization of Sulfonated
Contact angle Test
As seen from Fig. 2 , the contact angle of Sep and S-Sep is 0° and 25.7°, respectively. There is a large amount of Si-OH on the surface of the original sepiolite, so it is highly hydrophilic. After sulfonation treatment, Si-OH group on the surface of the Sep has been greatly reduced because of the condensation reaction, thus reducing its hydrophilicity. Figure 3 . SEM photomicrographs of cross-section of ABPBI and ABPBI/S-Sep composite membrane. Fig. 3 shows the SEM images of the cross-section of ABPBI and ABPBI/S-Sep composite membrane. The morphology of pure ABPBI membrane is smooth and there was no trace of inorganic particles in ABPB I. In the SEM image of ABPBI/S-Sep, most of S-Sep particles were uniformly distributed within the hybrid membrane as a result of increased compatibility between the S-Sep with the ABPBI polymer chains. Well dispersed S-Sep particles allow the composite membrane to hold more phosphoric acid, increasing their phosphoric acid doping level, which is directly related to proton conductivity. The water uptake abilities of ABPBI and ABPBI/S-Sep are shown in Fig. 4(a) . With the increase of relative humidity, the water absorption of pure ABPBI and ABPBI/S-Sep composite membranes increased gradually, and the water uptake of ABPBI/S-Sep composite membrane was 40% higher than that of pure ABPBI. The water absorption of ABPBI is derived from the basic imidazole group can combine water molecules in the form of hydrogen bonds. Moreover, the addition of S-Sep to ABPBI matrix has increased their water uptake ability due to the hygroscopic nature of sepiolite. Presence of highly hydrophilic -SO 3 H groups on the surface of S-Sep renders the water uptake abilities of ABPBI/S-Sep composite membrane.
Characterization of ABPBI/S-Sep Composite Membrane
SEM
Water Uptake and Phosphoric Acid Doping Level
The phosphoric acid doping levels of the virgin ABPBI and ABPBI/S-Sep composite membranes are presented in Fig. 4(b) . As can be seen, the doping level of pure ABPBI and ABPBI/S-Sep composite membranes enhanced with the increase of phosphoric acid concentration. The alkaline imidazole group on the ABPBI itself can be ion-bonded phosphate molecules, with the incorporation of S-Sep into composite membranes, the surface of silanol can also be hydrogen-bonded phosphate molecules, thus resulting the phosphoric acid doping level of the composite membranes are higher than pure ABPBI. C. Interestingly, the proton conductivity of the ABPBI/S-Sep is higher than that of ABPBI when the doping level is similar (ABPBI/S-Sep-DL0.85 and ABPBI-DL0.86) even at low phosphoric acid level (ABPBI/S-Sep-DL0.39 and ABPBI-DL0.56), and its proton conductivity can reach 2.31mS/cm at 90°C. This behavior can be explained based on the dominance of the "Grotthuss-type diffusion mechanism". The higher the phosphoric acid doping level, the more protons pass through the "jump mechanism" of phosphoric acid, so the proton conductivity of the membrane is better. In addition to being transmitted through phosphoric acid, protons can also be conducted by free water and combined water in "vehicle mechanism" and "jump mechanism", respectively. The incorporation of S-Sep improves the water absorption and retention of the composite membranes, so that the content of water in the ABPBI/S-Sep composite membranes is obviously higher than that of the pure ABPBI membrane, hence the proton conductivity at the low temperature is improved distinctly.
Proton Conductivity
Conclusion
ABPBI-based composite polymer electrolyte membranes were successfully prepared by the addition of sulfonated sepiolite using solution casting technique. The sulfonation of sepiolite was confirmed by XRD and contact angle test. The results showed that the modified sepiolite was well dispersed in the ABPBI matrix. Moreover, high water uptake and moderate acid doping level of the composite membranes are revealed. Interestingly, it has been noted that, despite the low phosphoric acid doping level, the proton conductivities in the wide temperature range of ABPBI/S-Sep composites are higher than those of ABPBI due to the hydrophilic nature of sepiolite, indicating that the inorganic particle modified polybenzimidazole polymer electrolyte membrane is expected to extend the operating temperature range of PEMFC.
